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Abstract

Reconstructions of palimpsest formation and dynamics in Early Pleistocene African archaeological deposits have under-
gone significant advances thanks to taphonomic research. However, the spatial imprint of different agents implicated in
most of these accumulations still needs to be addressed. We hypothesize that different site formation dynamics may yield
diverse spatial distributions of archaeological remains, reflecting the intervention of different agents (i.e., hominins, felids,
hyaenids) in palimpsests. This study aims to investigate the spatial patterns of archaeological remains in a selected sample
of Early Pleistocene accumulations with the goal of understanding and characterizing their spatial dynamics. Building
on previous taphonomic interpretations of twelve paradigmatic archaeological deposits from Olduvai Bed I (FLK Zinj
22 A, PTK 22 A, DS 22B, FLK N 1-2 to 5, FLK NN 3, DK 1-3) and Koobi Fora (FxJj50, FxJj20 East and FxJj20
Main), we explore the spatial patterns of remains statistically and use hierarchical clustering on principal components
analysis (HCPC) to group the highest-density spots at these sites based on a number of spatial variables. The results of
this approach show that despite sharing a similar inhomogeneous pattern, anthropogenic sites and assemblages where
carnivores played the main role display fundamentally different spatial features. Both types of spatial distributions also
show statistical differences from modern hunter-gatherer campsites. Additional taphonomic particularities and differing
formation processes of the analyzed accumulations also appear reflected in the classifications. This promising approach
reveals crucial distinctions in spatial imprints related to site formation and agents’ behavior, prompting further exploration
of advanced spatial statistical techniques for characterizing archaeological intra-site patterns.
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Introduction

The study of site formation and dynamics at significant
Early Pleistocene sites like Olduvai Gorge Bed I (Tanza-
nia) and Koobi Fora (Kenya) is critical for elucidating early
hominin behavior. These sites provide essential information
on the activities of hominins and their interactions and coex-
istence with carnivores, and have consequently been the
subject of intense interest and research (e.g. Leakey 1971;
Isaac 1983, 1984; Isaac 1997; Bunn 1981, 1982, 1986,
1991; Potts 1982, 1988; Bunn and Kroll 1986; Pobiner et
al. 2008; Plummer and Bishop 2016; Plummer et al. 2009;
Oliver et al. 2019; Parkinson 2018; Blumenschine 1995).
Zooarchaeological and taphonomic studies have played a
crucial role in understanding the site processes that led to
the formation of these assemblages (Bunn 1982, 1991; Potts
1982, 1988; Bunn and Kroll 1986; Dominguez-Rodrigo et
al. 2007a; Parkinson 2018). However, the spatial imprint
left by various agents on these archaeological deposits
remains underexplored. This paper seeks to address this gap
by examining the spatial patterns of archaeological remains
to contribute to discerning the roles and inputs of hominins,
felids, and hyaenids within these sites.

The first investigations of these assemblages underesti-
mated the role of carnivores and were interpreted as evi-
dence of hominins’ repeated visits to these locations for
animal carcass processing. This interpretation was primar-
ily based on the spatial proximity of high concentrations of
animal carcass remains and stone tools (Leakey 1971; Isaac
1981, 1983, 1984; Bunn 1982, 1991; Potts 1982, 1988;
Bunn and Kroll 1986). However, subsequent taphonomic

Fig. 1 Map with the location of
all sites mentioned in the text. A)
Koobi Fora Okote Member sites,
B-C) Olduvai Gorge Bed I sites
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reanalyses revealed that most of these sites were more intri-
cate palimpsests, wherein carnivores, including felids and
hyaenids, had significantly contributed to the accumulation
and modification of the assemblages (Dominguez-Rodrigo
et al. 2007a). Among Olduvai Bed I sites (Fig. 1B-C), only
FLK Zinj displayed dominant hominin activity (Domin-
guez-Rodrigo and Barba 2007a, 2007b; Parkinson 2018),
and remained particularly noteworthy for being a very well-
preserved, vertically discrete, and extensively excavated
deposit (Table 1).

The discovery in 2012 and 2014 of the PTK and DS sites
(Dominguez-Rodrigo et al. 2017a; Dominguez-Rodrigo
and Cobo-Sanchez 2017b) on the same paleosurface as
FLK Zinj (~1.84 Ma) (Deino 2012), separated by only a
few hundred meters, presented a new opportunity to inves-
tigate early hominin behavioral variability at Olduvai Bed 1.
Recent taphonomic studies of these two new sites suggest
that hominins were the primary accumulating and modi-
fying agents at these locations, having early and primary
access to small and medium-sized carcasses before other
carnivores (Cobo-Sanchez 2020; Dominguez-Rodrigo et
al. 2021; Organista et al. 2023). Furthermore, the involve-
ment of felids in the formation of DS has been deemed very
unlikely, with only hyenas altering some of the carcasses
after hominin intervention. Nearly all activity, including
carcass procurement, bone defleshing, and bone breakage
targeting marrow is attributed to hominins (Cobo-Sanchez
et al. 2022).

Several sites at Koobi Fora (Fig. 1A), such as FxJj50,
FxJj20 East, and FxJj20 Main (Okote Member, ~ 1.6-1.4 Ma)
(Brown and Feibel 1986; Brown and McDougall 2011), in

< FxJj20
complex
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Table 1 General interpretations for the sites mentioned in the text.
References: Dominguez-Rodrigo et al. 2007a (see also Arriaza and
Dominguez-Rodrigo, 2016) for the Olduvai Bed I sites, Cobo-Sanchez
2020 for DS, and Isaac 1997 (see also Dominguez-Rodrigo 2002) for
the sites from Koobi Fora. *Due to poor cortical conditions, identify-
ing any type of mark was a hard task. Just three cut-marked bones
were identified in the FxJj20 M assemblage, while no cut marks were
found in FxJj20 E. A posterior taphonomical analysis carried out by
Dominguez-Rodrigo (2002) confirmed the mainly anthropogenic ori-
gin of the accumulation in FxJj50 with 12% of cut marks and 35% of

tooth marks for the assemblage analyzed

Site name  Location and Interpretation
chronology
FLK Zinj  Olduvai Gorge (Tan-  Anthropogenic, hominins
22A zania) Bed 1 1.84 Ma  were the primary accumulat-
ing agent, limited carnivore
ravaging
FLKN 1-2 Olduvai Gorge (Tan-  Palimpsest, felids accumu-
zania) Bed 1 1.78 Ma  lated most of the bones, and
hominins a smaller amount
FLKN 3 Olduvai Gorge (Tan-  Felids were the main accumu-
zania) Bed1 1.78 Ma  lating agent
FLKN 4 Olduvai Gorge (Tan-  Felids were the main accumu-
zania) Bed 1 1.78 Ma  lating agent
FLKN 5 Olduvai Gorge (Tan-  Felids were the primary accu-
zania) Bed 1 1.78 Ma  mulating agent
FLKNN 3  Olduvai Gorge (Tan-  Carnivore accumulation. Lith-
zania) Bed 1 1.84 Ma ics reflect unrelated deposi-
tional event(s)
DK 1-3 Olduvai Gorge (Tan-  Palimpsest, carnivores were
zania) Bed I 1.85 Ma  responsible for most of the
accumulation. Intermittent
site use by hominins and
carnivores.
PTK Olduvai Gorge (Tan-  Anthropogenic, hominins
zania) Bed 1 1.84 Ma  were the primary accumulat-
ing agent, limited carnivore
ravaging
DS Olduvai Gorge (Tan-  Anthropogenic, hominins
zania) Bed 1 1.84 Ma  were the primary accumulat-
ing agent, limited carnivore
ravaging
FxJj50 Koobi Fora (Kenya)  Anthropogenic, hominins
Okote Member were the primary accumulat-
1.6-1.4 Ma ing agent, and posterior carni-
vore scavenging took place.
FxJj20E Koobi Fora (Kenya)  Anthropogenic*, hominins
Okote Member were the primary accumulat-
1.6-1.4 Ma ing agent.
FxJj20M  Koobi Fora (Kenya)  Anthropogenic*, hominins
Okote Member were the primary accumulat-
1.6-1.4 Ma ing agent.

which accumulations of bones and stone tools concur spa-
tially, were also interpreted as hominin-made accumulations
(Bunn et al. 1980; Bunn 1981, 1986; Pobiner et al. 2008;
Plummer and Bishop 2016; Plummer et al. 2009; Oliver et
al. 2019). Intra-site spatial analysis appears to confirm the
integrity and agency of some of these sites (Kroll 1997; Bel-
lomo 1994). At FxJj50, carnivore and rodent modifications
were identified, as well as a few hominin modifications

probably related to percussion and defleshing (Bunn 1997).
Posterior revisions of the FxJj50 assemblage confirmed the
primary access by hominins in that site (Brantingham 1998;
Dominguez-Rodrigo 2002), although the intervention of
carnivores as secondary access was also recognized. In con-
trast, at FxJj20 East and Main the poor cortical preservation
made it difficult to identify surface modifications: only a few
cut marks were found in FxJj20 Main, and there were no
cut marks or tooth marks in FxJj20 East (Harris et al. 1997,
Bunn 1997). In all sites, the presence of stone tools sup-
ports the idea of hominin involvement in the assemblages.
However, further taphonomic analyses would be necessary
to determine the main agent responsible for the faunal accu-
mulation and draw additional inferences.

Regarding the non-anthropogenic sites from Bed I, FLK
North levels 1-5 (~1.785 Ma) (Hay and Kyser 2001) hom-
inin and carnivore activities seem to have been mostly inde-
pendent. Analysis of tooth marks, types and frequencies of
notch types, and breakage plane angles indicate that carni-
vores (mainly felids) were responsible for the bulk of the
bone accumulations at these levels. Although stone tools are
present, they appear to be unrelated to marrow extraction.
The low abundance of flakes or cutting tools with edges
also suggests that hominins were not generally engaging
in carcass processing at the site. All levels are dominated
by two bovid species, Parmularius altidens and Antidorcas
recki, which suggests a specialized carcass collector, such
as leopard and/or Dinofelis (Dominguez-Rodrigo and Barba
2007c; Dominguez-Rodrigo et al. 2007b; Egeland 2007a).
Recently excavated trenches have revealed that only the
high-density accumulation of levels 1-2 was clear. Level 3
was barely distinguishable, and levels 4 and 5 were difficult
to differentiate (Dominguez-Rodrigo et al. 2010).

DK’s taphonomic results (~ 1.85 Ma) (Walter et al. 1992)
indicate a slightly more complex formation history in which
accumulations were made by both felids and hyenids. Some
bones may have deposited independently as background
scatters. In addition, a few cases of hominin-carnivore inter-
dependence have been documented, although hominins
were probably only using the site for carcass-processing
activities intermittently (Egeland 2007c).

Due to the lack of anthropic evidence, the faunal assem-
blage from FLK NN (~1.84 Ma) (Deino 2012) has been
attributed to the activity of carnivores. Most of the accu-
mulations found in its three levels were the result of car-
nivore transport of carcasses to this preferential location
in the landscape. The presence of complete bones and the
low tooth mark frequencies support felids as the main agent
(Barba and Dominguez-Rodrigo 2007; Dominguez-Rodrigo
and Barba 2007d; Egeland 2007b). The virtual absence of
tools, given that most of the so-called manuports are in fact
ecofacts in many Bed I sites (de la Torre and Mora 2005),
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indicates that the degree of involvement of hominins in
these accumulations was much lower than that reported on
FLK N 1-5 and DK.

What have spatial studies contributed so far to Early
Pleistocene archaeology? In general terms, they have com-
plemented other analyses, focusing on the density of mate-
rials horizontally (activity zones) and vertically (temporal
resolution) through visual inspection of excavation plans
and using a few statistical indexes. The importance of eth-
nography in the early days of intra-site analysis has been
fundamental in modeling the link between behavior, social
organization, and spatial distribution of remains (Yellen
1977; Kroll and Price 1991; Bartram 1993). Initially, intra-
site analysis aimed to obtain a precise resolution, yet few
Pleistocene sites offer the ideal conditions for identifying
spatially and temporally defined areas of activity. Skepti-
cism about the interpretative potential of these techniques
led to the partial abandonment of these methods (Clark and
Gingerich 2022), but in recent years, spatial analysis and
GIS have regained importance. These techniques are now
crucial for studying the functionality of sites (Bargall6 et al.
2015; Peters and van Kolfschoten 2020; Sanchez-Romero
et al. 2020; Zilio et al. 2021; Saladi¢ et al. 2021) and for
spatial modeling (Cobo-Sanchez 2020), although the latter
is generally applied in landscape archaeology (Mehrer and
Wescott 2006; Castielo 2022; Kempf and Giinther 2023).

The development in the last two decades of spatial sta-
tistics and the creation of libraries such as “spatstat” (Bad-
deley 2008; Bivand et al. 2013; Diggle 2014; Baddeley et
al. 2016) has boosted the application of new methodologies
that incorporate spatial point process theory. Although these
techniques are widespread in other disciplines, their arrival
in archaeology has been relatively recent. Spatial statistical
tools have now made it possible to enhance the reliability of
interpretations that previously depended solely on the visual
inspection of the researcher, lacking solid evidence of sta-
tistical significance. Among other applications, they have
proved their potential in discerning the social organization of
both hunter-gatherer groups and early Homo (Dominguez-
Rodrigo and Cobo-Sanchez 2017a, b), predicting site mate-
rial density in areas not yet excavated (Dominguez-Rodrigo
et al. 2017a), studying post-depositional processes (Domin-
guez-Rodrigo et al. 2017b), and particularly in interpreting
site formation, especially when combined with taphonomy
(Panera et al. 2019; Cobo-Sanchez 2020; Méndez-Quintas
et al. 2022; Moclén et al. 2023a, b).

Building on this body of research, the present study pro-
ceeds under the assumption that different site formation
dynamics may yield diverse spatial distributions of archae-
ological remains. Anthropogenic and non-anthropogenic
assemblages may exhibit fundamental differences in their
spatial patterns, as they were formed by distinct taphonomic
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agents (i.e., hominins, felids, or hyenids). Each of these
agents potentially exhibits unique features in terms of space
utilization, transport, processing, and consumption of car-
casses. Our understanding of the spatial imprint of early
hominin-made accumulations largely stems from various
spatial studies conducted on PTK, DS, and FLK Zinj, which
seems to indicate that Early Pleistocene hominins displayed
spatial behaviors that resulted in well-defined mono-cluster
patterns (Dominguez-Rodrigo and Cobo-Sanchez 2017a, b;
Cobo-Sanchez 2020; Diez-Martin et al. 2021). Additionally,
this study hypothesizes that carnivores will likely not exhibit
as dense or well-defined accumulation patterns, given that
actualistic studies have shown that carnivore ravaging can
result in the partial dispersion of remains (Binford 1981;
Binford et al. 1988; Marean and Bertino 1994; Camaros et
al. 2013; Arilla et al. 2020). The main differences could lie
in the intensity of the archaeological patterns, the number
of hot-spots, the clustering patterning, and the correlation
of remains.

Hypothetically, such disparities would be spatially
reflected in cases of minimal post-depositional disturbance
and without alteration to the original spatial configuration.
The spatial composition of independent and interdependent
site occupations might also display unique characteristics.
An interdependent accumulation would arise from the
original spatial configuration being modified or dispersed
by a second agent, so it could therefore still preserve some
aspects of the original spatial pattern. On the contrary,
events with no interaction may exhibit a combination of two
distinct spatial patterns.

Here, we aim to address several objectives. We first seek
to determine if these sites display different types of spatial
point patterns in terms of intensity and correlation. Specifi-
cally, we expect those differences to be more pronounced
among sites where a single predominant agent contributes
significantly to the accumulation process (Table 1). Sec-
ondly, we test a new approach that allows us to make quanti-
tative comparisons between sites. This approach is based on
measuring a set of spatial features of the main high-density
areas of each site. Finally, we investigate whether these pat-
terns reflect distinct taphonomic agents or processes based
on the results and interpretations from previous studies.

Materials and methods

To this aim, we conducted a spatial statistical analysis of the
distribution of archaeological remains and used hierarchi-
cal clustering on principal components analysis (HCPC) to
group the highest-density areas at a number of Early Pleis-
tocene sites based on several spatial variables.
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Sample of selected sites

We selected the sites based on specific spatial and tapho-
nomic criteria, ensuring their well-studied taphonomic
history, preserved general spatial configuration, minimal
post-depositional impact by abiotic processes, and suffi-
ciently large spatial windows for proper analysis. The cho-
sen sites for analysis included several Olduvai Bed I sites
(FLK N 1-2 to 5, FLK NN 3, DK 1-3, PTK, FLK Zinj 22 A,
PTK 22 A, and DS 22B) and three Koobi Fora sites (FxJj50,
FxJj20 Main, and FxJj20 East) (Table 2), which represent a
variety of agents and palimpsests responsible for the accu-
mulations commonly found in Early Pleistocene archaeo-
logical assemblages (see Table 1 column Interpretation).
The archaeological assemblages of the sample analyzed
in this study present a varied degree of time averaging,
which challenges the interpretation of spatial patterns. As
noted by Diez-Martin et al. (2010) and Dominguez-Rodrigo
et al. (2010), the presence of a refuse continuum across
the vertical stratigraphy at FLK N suggests a prolonged
accumulation of materials over time. This complicates the
assessment of discard activity intensity, which may result
from both short-term episodes or continuous activity by
hominin groups. In contrast, taphonomic analyses have
shown that DS, PTK, and FLK Zinj assemblages were
formed within a short period of a few years (estimated at
2-3 years in DS), according to the documented subaerial

weathering stages (Dominguez-Rodrigo et al. 2007a; Cobo-
Sanchez 2020; Organista et al. 2023). FxJj50 vertical distri-
bution has been subjected to different interpretations. While
some authors argued that refittings proved a unique deposi-
tional event (Bunn et al. 1980; Isaac 1997), posterior revi-
sions by Kroll (1997) led her to interpret both FxJj50 and
FxJj20 E as multiple occupations on various old surfaces,
sometimes already buried between hominin visits, but with
little spatial disturbance. Understanding the implications of
time averaging is crucial for interpreting spatial patterns in
archaeological assemblages. However, there is a scarcity
of spatial studies addressing its effects comprehensively.
One can hypothesize that if hominins visited the same spot
repeatedly, it would leave a stronger trace over time. For
instance, sporadic visits might leave a weaker imprint (e.g.
FLK N 3-5), while more frequent visits could leave a stron-
ger one (FLK N 1-2). However, this idea has not been tested
appropriately from a spatial perspective, and there are high
chances that natural post-depositional processes after and/
or in between depositions could remove some of the evi-
dence. The particularities in the formation of each assem-
blage explain partly why most spatial studies focussing on
disentangling time-palimpsests are site-focused.

Regardless of the time span represented by each site, we
presume that repeated occupations (numerous or sparse)
have created distinct patterns based on the dominant agent.
This assertion finds support in spatial statistics and point

Table 2 Total area, number of remains, percentage of analyzed remains, and mean intensity (n° of remains per m?) of the studied assemblages.
Numbers in brackets refer to the number of remains reported by Leakey (1971) and Isaac (1997) for Olduvai Bed I and Koobi Fora, respectively.
The number of points used for the analysis (outside the brackets) are the remains that were plotted in the original plans and thus could be used for
this analysis. Mean intensity was estimated based solely on those plotted remains. Spatial data for DS and PTK were obtained from the excavation
datasets from the TOPPP research group (the Olduvai Paleoanthropology and Paleoecology Project) (see also Dominguez-Rodrigo and Cobo-
Sanchez 2017b; Cobo-Sanchez 2020). PTK excavation data in this study stems from the 2018 database. The site area has been slightly extended
since then, but the number of recovered remains does not affect intensity estimations. DS is subdivided into three different sub-areas correspond-
ing to the three main accumulations. This subdivision proved useful for understanding the formation and functionality of these accumulations
(Cobo-Sanchez 2020). In this study, this subdivision was only considered for the hierarchical clustering on principal components analysis (HCPC)

Site name Total area Number of Number of % Number of % Mean Mean Mean
(m?) remains bones analyzed  lithics analyzed  intensity intensity inten-
bones lithics bones sity
lithics
FLK Zinj 22 A 145.39 2162 1406 (3510) 40% 756 (2470) 31% 14.87 9.67 5.20
FLK N 1-2 104.78 2661 1872 (3295) 57% 789 (1440) 55% 25.40 17.87 7.53
FLKN3 113.40 836 683 (1254) 54% 153 (171) 89% 7.37 6.02 1.35
FLKN4 83.08 338 269 (929) 29% 69 (84) 82% 4.07 3.24 0.83
FLKNS 119.81 658 539 (2210) 24% 119 (151) 79% 5.50 4.50 0.99
FLK NN 3 243.46 952 920 (2158) 43% 32 (48) 67% 391 3.78 0.13
DK -3 233.76 482 373 (9984) 4% 109 (1198) 9% 2.06 1.60 0.47
PTK 224 132.10 1537 1136 100% 401 100% 11.64 8.59 3.04
DS 22B  Total 553.67 4745 3563 100% 1182 100% 8.57 6.44 2.13
A 159.45 1254 854 100% 400 100% 7.86 5.36 2.51
B 211.64 1843 1432 100% 411 100% 8.71 6.77 1.94
C 193.81 1647 1276 100% 371 100% 8.50 6.58 1.91
FxJj50 174.79 1296 625 (2120) 29% 674 (1438) 47% 7.43 3.58 3.86
FxJj20 E 126.34 1161 316 (3123) 10% 845 (1774) 48% 9.21 2.52 6.69
FxJj20 M 142.09 1891 419 (4574) 9% 1470 (4391) 33% 13.31 2.96 10.35
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process theory. According to it, the superimposition of two
similar point patterns, such as inhomogeneous Poisson pro-
cesses (characterized by spatial inhomogeneity and ran-
domness), results in a new point pattern that still follows an
inhomogeneous Poisson distribution (Baddeley et al. 2016).
Thus, the original pattern is preserved. Although numer-
ous reoccupations may increase the overall intensity, other
spatial traits might be preserved. It is noteworthy that not
all spatial statistical methods focus on intensity estimation;
rather, our analyses include a diverse array of spatial char-
acteristics (i.e., correlation, spacing).

All analyses, when possible, were performed in the over-
all (all remains unmarked without distinction), bones, and
lithics patterns. Using broad categories such as bones and
lithics might carry some drawbacks too, as they cannot fully
capture specific aspects of the sites’ patterns (i.e., spatial
localized formation processes and agencies). The limita-
tions stem partly from working with historical data, where
the spatial component of the attributes of the remains is not
usually available. The plans provided by Leakey (1971)
indicate some artifact types and anatomical parts, which
can facilitate more detailed spatial analyses in the future.
However, such specific information is missing in the Koobi
Fora plans, which limits the inclusion of these categories in
our analyses. Furthermore, the absence of spatially recorded
information regarding the size of remains and taphonomic
marks, presents additional challenges, since these details
could provide crucial insights into site formation processes.
This information is only available in the recently excavated
sites DS and PTK and has been used for spatial analyses
elsewhere (Cobo-Sanchez 2020; Diez-Martin et al. 2021).

Digitalization of excavation plans

Since most sites were excavated during the second half of
the 20th century, we had to digitalize the published maps
and calculate the relative coordinates of all the remains in
order to work with the spatial properties of the excavation
planimetries. The excavation plans were obtained from the
original excavation reports (Leakey 1971; Isaac 1997) and
digitalized using ArcGIS (10.4.1 version). They were pro-
jected onto a Universal Transverse Mercator (UTM) projec-
tion. Subsequently, the digital plans were scaled, thus units
corresponded to meters in reality. Coordinates correspond-
ing to the remains were then extracted. The resulting shape-
files were read in R (R Core Team 2023) with the libraries
“rgdal” and “maptools” (Bivand et al. 2023a, b). The DS
and PTK spatial data stem directly from recent excavations
and were recorded using total stations, so no previous data
preparation was required.

In this sense, contemporary excavations offer more reli-
ance on their data due to meticulous recording, advanced
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mapping technologies, and interdisciplinary approaches.
DS and PTK went through a thorough excavation process,
employing laser theodolites to map materials over 2 cm
in size and stereo-photography for 3D reconstructions
of unearthed trenches. Sediment was meticulously sifted
through 5 mm and 3 mm meshes after being removed, while
item orientations were measured using compasses and
inclinometers (Cobo-Sanchez 2020; Organista et al. 2023).
Unfortunately, however, we lack detailed information on the
fieldwork process in most of the sites excavated during the
60—70s. During the excavation of the primary accumula-
tion in FLK Zinj, it is acknowledged that not all remains’
locations were documented (Leakey 1971). However, lithic
pieces smaller than 5 mm were recovered from FLK Zinj
assemblage, indicating a careful collection of the material.
For example, in FxJj20 M lithic remains sized less than
3 cm were recovered (Bellomo 1994), but the minimum size
of plotted materials is unknown. The research team recog-
nized in the reports that some bias generated by the excava-
tion methodology may have led to the exclusion of smaller
elements (Harris and Isaac 1997: 160). Regardless of data
collection, a partial loss of information must be assumed
before proceeding to analyze and interpret patterns. Notice
the discrepancies between the reported number of remains
and the actual number of plotted bones and lithics in the
planimetries in the older sites (Table 2). In some cases, the
plotted sample represents less than 10% of the total reported
remains (see Table 2, DK and Koobi Fora sites percent-
age of analyzed remains). It is likely that only identifiable
remains were plotted and used for spatial analysis at Koobi
Fora (Kroll 1997), and similarly at Olduvai Bed I Leakey’s
plans (1971). We do not expect this to significantly affect
results since the general described spatial pattern is still rec-
ognizable. Previous spatial studies (Kroll 1997) and obser-
vations noted on reports (Leakey 1971) pointed towards the
existence of certain clusters that we were able to confirm
statistically (e.g. the two main clusters Mary Leakey noticed
in FLK N 1-2 also appear when digitalizing the maps).
However, the underrepresentation of remains at some his-
torically excavated sites can directly affect intensity estima-
tion. Therefore, methods based on intensity were only used
to obtain graphic displays of the distribution of the entire
assemblage and the delimitation of high-density areas. In
addition to this, the focus of this paper is to understand the
relationships and patterns that emerge from the distribution
of points or remains across space.

Spatial statistical exploratory analysis: intensity and
correlation

The first set of spatial methods aimed to understand the gen-
eral spatial configuration of archaeological sites in order to
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characterize them and examine potential differences across
sites. We applied several spatial statistical non-parametric
tests and summary functions to the palimpsests’ point pat-
terns. The variation of intensity of remains across the spatial
window of a site, known as spatial inhomogeneity, is of par-
ticular interest. It is crucial to determine whether the inho-
mogeneity and the clustering tendency observed visually in
the plans are supported statistically. Confirming inhomoge-
neity is necessary to then apply the corresponding tests and
not to mix variability in intensity with clustering. This is
essential since results indicating randomness in the distribu-
tion of remains may suggest the absence of agent-specific or
activity-specific spatial patterns.

Consequently, we focused on two different objectives:
estimating point pattern intensity (number of artifacts per
square meter) to characterize inhomogeneity, and measur-
ing point correlation (i.e., overall point interdependence,
and types of association between bones and lithics). It is
expected that potential differences might arise between
anthropogenic and non-anthropogenic accumulations in
terms of intensity and correlation. For the first objective, we
tested the null hypothesis of Complete Spatial Randomness
(CSR), created density maps for each site using kernel esti-
mation of intensity, and examined the relative abundance
of bones and lithics. The second objective was addressed
by calculating nearest-neighbor distance functions and their
mean, and examining point type associations using the
nearest-neighbor correlation, the nearest-neighbor equality
function, and the mark connection function. These are the
most commonly used methods for statistical spatial explo-
ration analysis. These techniques can be interpreted jointly
and are complementary. The following section details each
approach. Table 3 additionally summarizes the described
methods. All spatial statistical analyses were performed in
R using the “spatstat”, “sparr”, “sp”, and “maptools” pack-
ages (Baddeley et al. 2016; Davies et al. 2017; Pebesma and
Bivand 2005; Bivand et al. 2013, 2023Db).

Inhomogeneity and spatially varying intensity estimation

Since intensity variation appeared to be very marked
throughout the sites’ excavated areas, the Hopkins-Skellam
index was applied to assess inhomogeneity. This index
results from comparing nearest-neighbor distances from
aleatory samples of points with empty-space distances from
random spatial locations (Hopkins and Skellam 1954).
It was performed by applying the Cumulative Distribu-
tion Function method for edge correction and indicating
“clustered” as the alternative hypothesis. Values greater
than 1 indicate that points tend to avoid locations close to
other points (regular pattern). If distances are smaller than
expected, it is possible that the pattern is agglomerative and

might be forming clusters. The Hopkins-Skellam index is
less sensitive to inhomogeneity or edge effects. Given the
marked intensity variation observed at the sites, this test
provides a more reliable measure of clustering than other
similar indexes such as Clark-Evans (1954), which assumes
stationarity.

Kernel estimation of intensity was used to obtain den-
sity maps of the spatially varying intensity. We selected
the smoothing bandwidth (o) using the likelihood cross-
validation method, which assumes an inhomogeneous Pois-
son process. The Diggle edge correction method was also
applied to avoid possible biases caused by the window’s
boundary (Baddeley et al. 2016; Diggle 1985). Three maps
were created per site to display the intensity of bones, lith-
ics, and the overall pattern. These maps were later used as
the basis for the calculation of hot spots through scan tests.

For a better understanding of the point types’ (lithics
and bones) relative spatial distribution, we used the spa-
tially varying relative risk estimation (Kelsall and Diggle
1995). This nonparametric method estimates the probabil-
ity of spatial distribution of each mark in a point pattern.
The null hypothesis suggests that both bones and lithics
have similar probabilities of appearing across the entire
spatial area. Likelihood cross-validation was used again to
select an appropriate bandwidth. Tolerance contours were
drawn around the regions where the estimated probability
of a given type was significantly different from the average
proportion (Hazelton and Davies 2009; Davies et al. 2017).
Significance was assessed using a Monte Carlo test. First,
we relabel randomly the point pattern (i.e., giving the label
bone or lithic randomly to all remains) and compute the type
probability or relative risk. This is repeated n times, yield-
ing n images of the probabilities of the mark types, and a
Monte Carlo test is computed at each pixel of those images.
We carried out 19 simulations, which produced values that
are multiples of 1/20=0.05 (Davies et al. 2017; Hazelton
and Davies 2009; for a similar archaeological application
of this method see Cobo-Sanchez 2020 and Diez-Martin et
al. 2021).

The K-function and other summary functions can help
characterize the spatial correlation and dependence between
remains (clustered, regular, random) by analyzing their
distribution inside a radius » (Baddeley et al. 2000, 2016).
However, they can be challenging to interpret or ambiguous
because their values contain contributions for all interpoint
distances less than or equal to r. It has been observed that
using K or G inhomogeneous functions to assess correlation
in patterns with low agglomerative tendency, such as those
commonly found in Early Pleistocene assemblages, may not
always yield successful results (Cobo-Sanchez 2020; Diez-
Martin et al. 2021, 2023; Moclan et al. 2023b).
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Table 3 Spatial statistical

tests and summary functions
mentioned in the text summariz-
ing their description and usage
together with the interpretation
of its results for the applied

sites. Most analyses test the null
hypothesis of random distribution
of remains against alternative
distributions such as agglom-
erative or regular. Notice that
agglomerative distributions do
not necessarily entail clustering
or the existence of clusters, which
must be assessed with additional
methods

Test/Analysis Description Interpretation
Hopkins-Skellam  Compares the nearest-neighbor distances from sampled  Test of complete spatial
index (Hopkins points of the pattern with the empty-space distances randomness (CSR) against
and Skellam from aleatory spatial locations. Probability distributions agglomerative and regular
1954) should be similar for aleatory patterns. distribution of remains.
Kernel estimation Nonparametric test with graphic display of the intensity =~ Graphic display of the

of intensity (Bad-  function of a point pattern. Creates spatially varying distribution of overall

deley et al. 2016;
Diggle 1985)
Spatially varying
relative risk esti-
mation (Kelsall
and Diggle 1995;
Davies et al.
2017)

intensity maps.

Nonparametric estimation of the probability of spatial
distribution of each mark in a point pattern. The null
hypothesis would be there are similar probabilities of
having each mark in the entire spatial window whereas
the alternative hypothesis is that probability varies spa-
tially, and not all locations have the same probability of

remains, bones, and lithics
in the excavated window.
Test of random distribu-
tion of different types of
remains (i.e. bones and
lithics) or spatial variation
in the excavated window.
Graphic display.

holding either one or other mark.

Inhomogeneous
pair correlation
Sfunction g(r)
(Baddeley et al.
2016)
Nearest-neighbor
correlation (Bad-
deley et al. 2016)

This function compares the probability of observing a
pair of points separated by a distance r with the probabil-
ity expected for an inhomogeneous Poisson process. In
order to avoid problems at small distances, divisor="d”
must be specified.

This test analyzes the types of points and their prob-
ability of lying close to each other. Unnormalized
correlation gives the probability of a bone having as its
nearest-neighbor another bone. Normalized correlation

Test of inhomogeneous
Poisson distribution
against agglomerative

and regular distribution of
remains.

Independence, correlation,
or segregation between
types of remains (i.e.
bones and lithics).

compares the result with what is expected under random

labeling.
Nearest-neighbor
equality function
(Cobo-Sanchez
2020; Diez-Martin
etal. 2021)

The nearest neighbor equality function analyzes the
spatial relationships between points of different types

in a dataset, taking into account the order of nearest
neighbors. Unlike other methods for estimating correla-
tion among types, it is non-dependent on the intensity
of the pattern, and statistical significance can be directly

Independence, correlation,
or segregation between
types of remains (i.e.
bones and lithics) with
statistical significance
assessment.

estimated. It helps in understanding correlation or segre-
gation among types of remains.

Mark connection

function (Bad-

deley et al. 2016)
remains.

This function explores the possible relationship between
different marks of the same point pattern. It helps in
understanding correlation or segregation among types of

Independence, correlation,
or segregation between
types of remains (i.e.
bones and lithics).

An alternative is the pair-correlation function, which is a
standardized derivative K-function (Baddeley et al. 2016).
The inhomogeneous pair correlation function g() compares
the probability of observing a pair of points separated by a
distance » with the probability expected for an inhomoge-
neous Poisson process (an inhomogeneous random pattern)
when g(r)=1. The g(r) values lower than 1 indicate regu-
larity, while higher results are obtained for agglomerative
patterns. We applied it to bones, lithics, and overall sites’
patterns using the divide-by-d estimator, which performs
better for small r values. To test whether the deviation from
the inhomogeneous Poisson line was statistically signifi-
cant we created envelopes with 39 Monte Carlo simulations
of inhomogeneous Poisson processes using the intensity
function of the sites, giving the test a significance level of
2/40=0.05. This guarantees that the archaeological and the
inhomogeneous Poisson curves are comparable and that the
corresponding envelopes support a valid Monte Carlo test
of the null hypothesis (Baddeley et al. 2016).

@ Springer

Overall interdependence and association types among
remains

Once the intensity and inhomogeneity were estimated in
all sites, we focused on methods that addressed correlation.
Especially relevant to understanding palimpsest formation
is the issue of whether bones and lithics from a particular
deposit are functionally linked. The spatial co-occurrence
in the same stratigraphic layer is not proof of association,
which was in fact the assumption that led to the interpreta-
tion of many Early Pleistocene accumulations as hominin
made. A statistical assessment of the type of spatial asso-
ciation between types of remains can be useful to under-
stand whether there is a functional link between them. If
bones and lithics are randomly mixed, the probability of a
functional association would be low. In contrast, positive or
negative associations are more likely to represent a func-
tional association.
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Since spatial variation in most palimpsests is extreme and
hard to estimate accurately, it is a challenge to determine the
type of correlation between bones and lithics using methods
like the inhomogeneous cross-type K-function or the i to
any Kdot function. Approaches based on nearest-neighbor
distances should be more robust against spatial variation
because they do not involve estimating the intensity of the
point pattern. Methods like the nearest neighbor correlation,
nearest neighbor equality function, and the mark connec-
tion function are useful to assess spatial clustering and more
robust against spatial variation (Baddeley, pers. comm.). We
thus explored interdependence between lithics and bones at
each site additionally by means of these three approaches.

The nearest-neighbor correlation is a robust method that
can be applied to stationary and non-stationary processes.
This test analyzes the probability of the same types of points
lying close to each other. Unnormalized correlation gives
the probability that neighboring fossils are of the same type
(lithic or bone). Normalized correlation compares the result
with what is expected under random labeling of the point
pattern (Baddeley et al. 2016). A value of 1 indicates con-
sistency with random labeling, smaller values imply that
neighbors are of different types, while larger values suggest
that neighbors are of similar types.

An extension of the nearest-neighbor correlation is the
nearest-neighbor equality function which counts the pro-
portion of neighbors of a certain type against the order of
the neighbor. The graph of the cumulative proportion shows
the fraction amongst the kth nearest neighbors, which have
a specified type. The envelopes to assess significance are
effectively generated by keeping the positions of the points
fixed and shuffling only the labels of the points (Cobo-San-
chez 2020; Diez-Martin et al. 2021).

Finally, the mark connection function calculates the ratio
of the bivariate pair correlation (g;) and the unmarked pair
correlation (g) and shows the resulting conditional probabil-
ity that two points lying together are of the same or differ-
ent types (Baddeley et al. 2016). The output is an array of
graphics displaying the association between bones, lithics,
bones-lithics, and lithics-bones. Results lying above and
below the benchmark correspond to positive or negative
correlation, respectively.

Cluster analysis on the spatial features of the highest
intensity areas

Given that most non-parametric approaches discussed in the
previous section do not yield quantifiable results in the form
of single measures and that the estimates and p-values of
some statistical tests were too similar to detect differences,
we included a further approach that consists of compar-
ing the sites based on quantifiable spatial measurements

(Table 4). This is crucial as spatial comparisons among
sites are not usual in the scientific literature due to a lack of
approaches. While the methods presented above allow us to
make comparisons, they are mostly subjective. Developing
alternatives that address quantifiable spatial differences can
provide robust support to our inferences regarding the pre-
vious spatial tests and analyses.

The considered spatial parameters include absolute and
relative variables related to the major statistically signifi-
cant high-density areas of each spatial pattern (e.g., perim-
eter, diameter, area, mean intensity, mean distance between
the points inside the hot spots), but also variables related
to the relation between the dense areas and the remaining
spatial window, which ensure that features of the scatter-
ing and peripheral areas are considered as well. As high-
density areas exist on all sites, their presence is not in itself
a criterion for differentiating between palimpsest types and
therefore they need to be looked at more closely. Ideally,
other small accumulations or scatter areas should be ana-
lyzed separately. However, we believe that approach is use-
ful only when information on the formation and agency of
each of these areas is available. Given the lack of spatially
localized taphonomic variables in almost all assemblages,
only the largest areas were taken as reference, as we can
think of them as a proxy for the focus of activity occurred.
The exception is DS, whose in-depth spatial taphonomic
study has resulted in a comprehensive interpretation of each
of its accumulations (Cobo-Sanchez 2020; Diez-Martin et
al. 2021), allowing them to be treated separately as three
distinct areas similar in size (zones A, B, and C).

To calculate the parameters in each site, the statistically
significant high-density areas were first isolated by perform-
ing a spatial scan test (Kulldorff 1997). The scan test detects
statistically significant differences of intensity inside circles
of fixed radius all around the pattern. It uses a likelihood
ratio test statistic to assess whether intensities inside and
outside a certain fixed radius are similar or not (Kulldorff
1997; Baddeley et al. 2016). Sigma values were estimated
using the likelihood cross-validation method, sometimes
multiplied by a value ranging from 0.5 to 2.5 to accurately
estimate the radius in which a hot spot occurred (sigma val-
ues specified in Fig. 2 and SI Figs. I-1I). We then computed
the p-values for all locations. The largest elevated-inten-
sity areas in each site were considered the focus of activ-
ity and the main object of analysis (Fig. 2). However, we
have also taken into account smaller areas where second-
ary accumulations occurred (see variables 11, 16, and 21 in
Table 4). The main activity areas were treated as new sep-
arate point patterns. Then, the parameters were estimated
using functions from the “spatstat” library in R (Baddeley
et al. 2016). Calculations were made for the overall point
patterns, as well as separately for the bones and the lithics’
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Description

Table 4 Lis.t of spatial param- Variable
eters or Varlables. measured. that HDA parameters
describe the spatial properties
inside the main high-density area 1 Area HDA
(HDA) of each site, the overall 2 Diameter HDA
pattern, and the relations between 3 Perimeter HDA
high-density areas of bones and 4 Intensity HDA
stone tools 5 Peaks HDA
6 Distance boundary HDA

7 Distance centroid HDA

8 Distance neighbors HDA

9 Perimeter/diameter

10 Length/breadth

Spatial window parameters

1 Number HDAs
window

12 Distance neighbors
window

13 Area window

14 Distance centroid
window

15 Intensity window

16 Area secondary

HDASs window

Area of significant high-density

HDA diameter

HDA perimeter

Mean intensity inside the HDA

Number of peaks inside the HDA

Standardized value of the mean distance of the points inside the HDA
to the HDA boundary (in relation to the HDA diameter)

Standardized value of the mean distance of the points inside the HDA
to the HDA centroid (in relation to the HDA diameter)

Standardized value of the mean distance between the nearest neighbors
inside the HDA (in relation to the HDA diameter)

Ratio between the perimeter and the diameter of the HDA
Ratio between the maximum length and maximum breadth of the HDA

Total number of HDAs

Mean distance between nearest neighbor points in the complete spatial
window

Total area of the spatial window

Standardized value of the mean distance of all the points in the spatial
window to the HDA centroid (in relation to the site’s diameter)

Mean intensity of the spatial window

Mean area of the secondary areas in which high-density is significant
(each HDA must be > 1m2)

Relation between HDA and window

Percentage of the HDA in relation to the area of the complete spatial
window

Percentage of the HDA diameter in relation to the diameter of the
complete spatial window

Percentage of the HDA perimeter in relation to the perimeter of the
complete spatial window

Ratio between the mean intensity inside and outside the HDA

Ratio between the mean area of the secondary HDAs and the main
HDA

Ratio between the area where bones and lithics overlap (intersection)
and the area in which they do not overlap (i.e. intersection of bones
with the complement of lithics)

Ratio between the HDA of bones and the HDA of lithics

Nearest neighbor correlation (normalized value)

Nearest neighbor correlation (unnormalized value)

Percentage of intersection or overlap area between the bones and the

lithics HDAs in relation to the total area of the spatial window

Percentage of the area where the HDAs of bones and lithics do not
overlap in relation to the total area of the spatial window

17 Percentage area
HDA

18 Percentage diameter
HDA

19 Percentage perim-
eter HDA

20 Intensity HDA/
Intensity window

21 Area secondary
HDAs/Area HDA

Relation between bone and lithics HDAs

22 Overlap bone HDA
and lithic HDA/No
overlap area

23 Area bone HDA/
Area lithic HDA

24 NN-correlation
(norm.)

25 NN-correlation
(unnorm.)

26 Percentage overlap

27 Percentage no
overlap

28

Intensity lithic HDA

Intensity bone HDA/ Ratio between the mean intensity inside the bone HDA and the mean

intensity inside the lithics HDA

spatial patterns. In addition to all sites, four modern hunter-
gatherer Kua (Bartram et al. 1991) and! Kung (Yellen 1977)
campsites were included in the comparison of spatial pat-
terns of bones, since stone tools are absent in these camps.
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Comparisons with the spatial distribution of debris at mod-
ern hunter-gatherer campsites have also demonstrated that
contemporary human home bases lack these mono-cluster
patterns. This suggests that early hominins utilized space in
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FLK Zinj (level 22)

Fig. 2 Maps of the overall spatial
distribution of remains (bones
and lithics) of the selected sites. 3m
The blue-shaded areas identify
statistically significant high-den-
sity areas estimated with hot spot
scan tests. All sigma values were
multiplied by two except for FLK
NN (2.5) and FxJj20 complex
(2.5). The top two rows depict
anthropogenic accumulations,
whereas the bottom two rows
primarily represent carnivore and
palimpsests (FLK N 1-2, DK)
accumulations. For the bones

and lithics spatial distribution

see Supplementary Information
(SI) Fig. I-11. Bones distribution
and statistically significant high-
density areas of hunter-gatherer
campsites can be found in SI

Fig. 111

FLK North (levels 1-2)

PTK

FxJj 20East

fundamentally different ways compared to modern humans
today (Dominguez-Rodrigo et al. 2017Dominguez-Rodrigo
and Cobo-Sanchez 2017b; Cobo-Sanchez 2020).

With the aim of grouping similar high-density areas, we
then performed hierarchical clustering on principal compo-
nents (HCPC) analysis on the resulting dataset of spatial
variables using the “FactoMineR” package in R (Lé¢ et al.
2008; Husson et al. 2007). PCA is used as a preprocess-
ing “denoising” method prior to performing the clustering
analysis to better highlight the main features of the data set.
Additionally, it reduces the dimensionality of the dataset,
which has 28 variables with potential correlations. The anal-
ysis was carried out (a) for the overall spatial point patterns,
(b) for the bones’ spatial patterns, (c) for the bones’ spatial
patterns including the hunter-gatherer campsites, and (d) for
the lithics’ spatial patterns.

Results

The varying intensity within assemblages

Spatial inhomogeneity is supported for all sites by the results
of the Hopkins-Skellam index, suggesting that the hypoth-
esis of CSR should be rejected. The obtained A values were
statistically significant in all cases (p-value<2.2e-16) and
extremely low. This is compatible with agglomerative pat-
terns in which points tend to lie closer to each other than
would be expected for random patterns (Table 5). Yet, a
clustering tendency does not necessarily entail clusters.
Kernel density maps illustrate the varying intensity of the
spatial distribution of remains (Fig. 3). Most sites seem to
display a few main high-density areas surrounded by sev-
eral smaller ones, however FLK Zinj, PTK, and DK overall
patterns appear to be composed of one main accumula-
tion. FLK NN, FLK N 5, and FxJj20 M show several small
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Table 5 Results from overall (O), bone (B), and lithic (L) patterns in all sites of Hopkins-Skellam index (p values <2.2e-16), nearest-neighbor
mean (expressed in meters) and nearest-neighbor correlation (normalized and unnormalized). Unnormalized correlation gives the probability that
neighboring fossils are of the same type (lithic or bone). Normalized correlation compares the result with what is expected with random labeling

of the point pattern (Baddeley et al. 2016)

Sites Hopkins-Skellam index (A) Nearest-neighbor mean Nearest-neighbor correlation
O B L O B L Normalized Unnormalized
FLK N 1-2 0.05 0.06 0.14 0.10 0.11 0.16 1.07 0.62
FLKN3 0.14 0.15 0.20 0.15 0.16 0.35 1.06 0.75
FLKN 4 0.32 0.28 0.40 0.19 0.21 0.50 1.14 0.77
FLKNS5 0.20 0.18 0.33 0.17 0.18 0.42 1.07 0.76
FLK NN 0.06 0.06 0.32 0.16 0.12 0.97 1.04 0.97
DK 0.06 0.08 0.19 0.26 0.29 0.54 1.15 0.74
FxJj50 0.12 0.08 0.13 0.15 0.21 0.19 1.14 0.57
FxJj20 E 0.22 0.27 0.18 0.14 0.24 0.16 1.14 0.69
FxJj20 M 0.15 0.16 0.17 0.12 0.22 0.14 0.99 0.65
FLK Zinj 0.13 0.17 0.10 0.10 0.11 0.15 1.19 0.65
DS 0.14 0.09 0.19 0.12 0.13 0.25 1.12 0.70
PTK 0.02 0.02 0.05 0.09 0.11 0.17 1.08 0.66

statistically significant high-density accumulations, based
on the results of hot spot scan tests (Fig. 2). Hot spot inten-
sity is higher in FLK Zinj, PTK, DS, and FLK N 1-2 than
at the Koobi Fora sites. FLK N levels 3-5, DK, and FLK
NN show significantly lower hot spot intensities. The lim-
ited contribution of hominins to sites such as FLK NN, and
FLK N levels 3-5 is reflected in the low intensity of lithic
remains, which also decreases the overall lower intensity.
At these sites, bone remains therefore determine the overall
spatial distribution (SI Fig. IV-V). However, it is notewor-
thy to mention that this observation varies notably for DK.
When considering all remains at DK, including those not
analyzed in this study, a significant increase in mean inten-
sity is observed, rising from 0.47 to 5.12 for lithics and from
1.60 to 42.85 in bones (see Table 2).

Relative risk maps suggest strong segregation between
bones and lithics spatial distribution in all sites (Figs. 4a and
4b). However, in general, the probability of finding bones in
the same areas as lithics is relatively higher than the other
way around. This implies that in most sites lithics are more
concentrated in specific locations, whereas bones are spread
more widely across the window. Koobi Fora stands as an
exception: the results show that lithics are more likely to
be found across the entire spatial window, and bones as
agglomerated events. It is worth mentioning FLK NN in this
regard, where the concentrations of bones and lithics occur
on opposite sides of the spatial window. This could indi-
cate independent depositional events. Although the mean
distance to nearest-neighbors does not vary substantially
between sites, we noticed that FLK Zinj, DS, PTK, and FLK
N 1-2 tend to display the lowest mean distances, also when
considering different types of remains (Table 5).

variable at sites that have higher carnivore input, i.e.,
FLK N 3-5, FLK NN, and DK. This might suggest that
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bones and lithics display two very distinctive spatial pat-
terns at these sites, as the relative risk maps suggest.

The inhomogeneous pair correlation functions of overall
patterns in most sites follow similar tendencies: distances
between remains are shorter than expected for a random
pattern, but when the radius of analysis increases (around
r=1 m) the patterns turn more regular, and distances are
greater than for an inhomogeneous distribution (Fig. 5).

The main distinction between patterns lies in the pos-
sibility of distinguishing inhomogeneous Poisson patterns
from agglomerative patterns with potential clusters. We
observe three general tendencies among sites. In sites like
FLK Zinj, PTK, DS, FLK N 1-2, and 5, statistically sig-
nificant results were found, suggesting that remains in high-
density areas are positively associated and closely located,
often within distances <30 cm. This implies that remains
may be spatially organized in distinct and well-defined pos-
sible clusters, with significant gaps between them. For FLK
N 3, FLK NN, and Koobi Fora sites, the pair correlation
function supports regularity, although not at all distances.
The high amount of remains at short distances might be the
result of an inhomogeneous Poisson pattern. Finally, for
DK and FLK N level 4, the inhomogeneous distribution of
remains cannot be ruled out, except for certain short inter-
vals of distances.

The results for the lithic patterns (SI Fig. VII) in the car-
nivore sites indicate that the spatial event of lithics occurring
is inhomogeneous and aleatory, so lithics do not present any
positive or negative spatial correlation. Once more, FLKN
levels 1-2 are the exception among sites with strong signals
of carnivore activity, probably due to the high concentration
of lithics in two large areas. However, unlike most anthro-
pogenic accumulations, the function indicates a more regu-
lar to inhomogeneous tendency. As for bone distributions,
results are similar to the overall patterns with the exception
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Fig. 3 Kernel intensity estima-
tion for overall patterns. Bar
scales =p/kds (estimated pieces
per kernel density surface). The
top two rows depict anthropo-
genic accumulations, whereas the
bottom two rows primarily rep-
resent carnivore and palimpsests
(FLK N 1-2, DK) accumulations
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of FLK NN and the FxJj20 complex at Koobi Fora, which
present a clustering tendency (SI Fig. VI).

The interdependence of bones and stone tools

Normalized nearest-neighbor correlation values of all
sites were slightly greater than 1, apart from FxJj20 Main
(Table 5). Notice that 1 is consistent with random label-
ing, and therefore independence between types. Unnormal-
ized results suggest that the probability of remains being
the same type (lithic or bone) is high. Once again, the high
probability estimated for FLK NN (0.97) indicates that lith-
ics and bones are strongly segregated.

DS (level 22B)
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The nearest neighbor equality function results (Fig. 6)
align with this observation: in all sites bones and lithics
appear to be spatially segregated, and graphics suggest a
positive correlation between remains of the same type. Sim-
ilar interpretations were previously drawn from relative risk
maps and the Hopkins-Skellam test. However, results were
non-significant in FLK N levels 3, 4, and 5, suggesting ran-
dom labeling and no association between bones and lithics
in these sites.

The mark connection function addresses bone-bone,
lithic-lithic, and bone-lithic correlations (SI Fig. VIII-IX).
Lithics and bones in all sites tend to exhibit certain types
of correlation, which can be positive (clustering) or nega-
tive. However, in FxJj20 M and FLKN 1-2, 3, and 5 levels,
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FLK Zinj (level 22A)
3m
—
A 0 1 2
FxJj 50

2m
—
—
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FLK North (levels 1-2)

/

Fig. 4a Relative risk maps with
Tolerance contours highlighting
the areas where the probability
of bones is significantly higher
than the average proportion
(p-value < 0.05). The top two
rows depict anthropogenic accu-
mulations, whereas the bottom
two rows primarily represent
carnivore and palimpsests (FLK
N 1-2, DK) accumulations

A5 05 05

it oscillates around the reference line of random labeling.
This hints that these types might not be fully correlated in
the entire assemblage. In most anthropic accumulations,
bones typically show a negative correlation (with a brief
positive correlation at close distances), while lithics exhibit
a positive correlation. However, DS displays inverse cor-
relation patterns, with bones showing a positive correlation
and lithics displaying a positive-to-negative trend. Among
carnivore and palimpsest accumulations, correlation pat-
terns are similar between FLK N levels 1-2 and 3, as well
as between FLK NN and DK (see details in SI Fig. VIII-IX).
Mark connection function results align partly with the near-
est neighbor equality function, but due to the lack of statisti-
cal significance reliance should be on the second method.
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Classification of highest-intensity areas of overall,
bones and stone tool patterns

The previous spatial statistical analysis provides insights
into possible spatial differences among sites. Given the com-
plexity of interpreting all those results, this second unsuper-
vised method allows to jointly analyze several features and
find hidden patterns regarding the statistical relationships
between the sites. The results presented in the following
paragraphs enable us to categorize the sites according to the
spatial characteristics of their highest-density areas. Below
we use the term cluster to refer to the groups identified in the
HCPC analysis, leaving the term high-density area to define
the largest hot-spots analyzed on each pattern. The spatial
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Fig. 4b Relative risk maps with
tolerance contours highlighting
the areas where the probability
of lithics is significantly higher
than the average proportion ,
(p-value < 0.05). The top two
rows depict anthropogenic accu-
mulations, whereas the bottom
two rows primarily represent
carnivore and palimpsests (FLK
N 1-2, DK) accumulations

FLK Zinj (level 22A)

FLK North (levels 1-2)
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values used in the classification analyses can be found in SI
Tables I-11I. Additionally, the quantitative variables describ-
ing each cluster the most and the correlation between vari-
ables and dimensions are provided in SI Tables IV-XI.

Overall spatial patterns

The hierarchical clustering on principal components analy-
sis (HCPC) on the archaeological assemblages explains
around 50-60% of the variance of the dataset and classi-
fies the high-density areas of the overall patterns into four
different groups (Fig. 7a). The first group includes FLK N
levels 3, 4, and 5, and FLK NN. In the dendrogram map, the
height axis indicating distances between clusters suggests
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that differences are more marked between this group and
the rest (SI Fig. Xa). All DS areas (A, B, and C), PTK, and
FLK Zinj form another group, while on the other side of the
factor map, the Koobi Fora sites are similar to FLK N 1-2.
DK appears as an outlier event in the clustering diagram.
This distribution in the maps clearly separates anthropic
from carnivore accumulations, with an intermediate group
of sites formed by palimpsests and Koobi Fora sites.
Dimension 1 explains the size and quantity of high-density
areas. Anthropogenic accumulations typically exhibit larger
main high-density areas with greater overlap between bones
and lithics areas, particularly in PTK and DS areas C and
B. This tendency is also observed among FLK N 1-2 and
DK palimpsests. Interestingly, FLK N 1-2 and Koobi Fora
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Fig. 5 Inhomogeneous pair correlation function of the overall pat-
terns. The black line is the observed function, and the horizontal red
dashed line is the theoretical estimated inhomogeneous Poisson pat-
tern. Shaded areas represent envelopes generated with 39 Monte Carlo

sites share a similar ratio of bone intensity to lithic inten-
sity, which is smaller than the overall sample mean. This
implies that the intensity of both patterns is proportional.
Carnivore accumulations seem to display opposite spatial
features: distance between neighbors inside high-density
areas and all remains to the centroid are larger. They also
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simulations of the inhomogeneous Poisson process with the inten-
sity of each site. The top two rows depict anthropogenic accumula-
tions, whereas the bottom two rows primarily represent carnivore and
palimpsests (FLK N 1-2, DK) accumulations

seem to count with a greater number of high-density areas,
whose sizes are similar.

Dimension 2 emphasizes differences in the shape and
intensity of main high-density areas. The intensity is higher
and the distance of remains to the estimated boundary of the
high-density area is greater among DS areas A and B, PTK
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Fig. 6 Nearest neighbor equality function. The black line displays the
proportion of neighbors of a certain type. Values above the red dashed
line indicate that the neighbors tend to be of the same type, while val-
ues below it describe patterns where points of different types are corre-

and FLK Zinj. Perimeter to diameter ratio indicates that
these sites have a more compact shape. Similar characteris-
tics are shared with FLK N 1-2 palimpsest. These parame-
ters decrease in Koobi Fora sites, area C, and carnivore sites.
There, the large perimeter-to-diameter ratio points toward
more irregular clusters, and distances between remains in
the overall pattern are larger. This is significantly marked
in FLK NN and DK patterns. The outlier status of DK is
attributed to the large dimension of its cluster, which is an
anomaly compared to the mean of the entire sample.

r (neighbour steps)

r (neighbour steps)

lated or the same types inhibit. Shaded-area represent confidence enve-
lopes for aleatory marks spatial distribution. The top two rows depict
anthropogenic accumulations, whereas the bottom two rows primarily
represent carnivore and palimpsests (FLK N 1-2, DK) accumulations

Bones spatial patterns

Results obtained from the analysis of the high-density
areas of bones yielded slightly different results. While most
anthropic accumulations remain in the same cluster, Area A
of DS seems to be different from the rest of DS areas. Koobi
Fora sites are grouped together with several carnivore accu-
mulations (FLK N levels 3-5, and FLK NN). FLK N 1-2
and DK are situated apart from the rest of the groups, how-
ever DK shows closer proximity to anthropic accumulations
(Fig. 7¢).

Dimension 1 explains mostly differences in cluster size
and shape (perimeter and diameter). Anthropic sites (DS,
PTK, FLK Zinj) and palimpsests (FLK N 1-2, DK)) exhibit
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Fig.7 Factor maps of hierarchical clustering on principal components analysis (HCPC) performed on the main high-density area of each: (a) over-
all patterns, (b) lithic patterns, (¢) bone patterns, (d) bone patterns with hunter-gatherer campsites. Dendrograms are available in SI X

larger clusters. Carnivore bone accumulations seem to pres-
ent more significant high-density areas, with greater dis-
tances between remains within the cluster. Koobi Fora sites
appear to fall between these two groups, sharing some spa-
tial traits with carnivores, FLK Zinj, and FLK N 1-2. Mini-
mal discrepancies are observed in dimension 2 across most
sites. Sites demonstrating more irregular cluster shapes and
smaller secondary high-density areas, such as FLK N 1-2,
FLK N 3, DK, FLK Zinj, and FLK NN, exhibit lower val-
ues on dimension 2. In DS, area A stands out for having
the greatest distances between neighbors across the entire
window, as well as the largest secondary high-density areas.
On the contrary, FLK N 1-2 exhibits the shortest distances
between neighbors throughout the entire window, coupled
with a dense bone pattern both within the significant area
and across the entire window. Once more, DK distinguishes
itself by having the largest high-density area.

As expected, when we introduce hunter-gatherer camp-
sites these are classified into a separate group (Fig. 7d). The
main differences in dimension 1 between these campsites
and the archaeological accumulations lie in the greater
extension of the entire pattern (window) and the isolation of
high-density areas (distance centroid window). Additionally,
bones are more closely spaced throughout the entire pattern,
and intensity is notably higher within clusters compared
to outside the window in most accumulations considered.
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This indicates that hunter-gatherers exhibit a set of spatial
behaviors that encompass extensive areas and are struc-
tured in more clearly defined clusters. Dimension 2 reveals
variations in the cluster areas of Kunahajina (34.505) and //
Gakwe Dwa 2 (!Kung) (9.648), as well as //oabel (81.228)
and Kani//am/odi (56.250), along with differences in the
number of clusters within the windows. Kunahajina and //
Gakwe Dwa 2 exhibit a greater number of significant areas.
//Gakwe Dwa 2 shows the largest distances between bones
within the cluster, whereas //oabel exhibits the shortest.

Lithics spatial patterns

Factor maps of overall and bone patterns follow similar
tendencies, yet lithic high-density areas are classified in a
different manner. For example, DS areas B, C, and PTK
lie nearer to carnivore and palimpsest sites (DK and FLK
N 3-5) (Fig. 7b). Despite this, variations in height on the
dendrogram map suggest the existence of two different sub-
groups (SI Fig Xb). Two distinct clusters are formed by area
A of DS and FLK NN on the one side, and FLK Zinj, FLK
N levels 1-2, and the Koobi Fora sites on the other side
(Fig. 7b). Dimension 1 highlights variations in the size of
primary high-density areas and secondary areas. FLK NN
and DS area A exhibit smaller high-density areas, with sec-
ondary areas of comparable size to the main one. Distances
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between remains inside and outside the main areas are
greater. The largest lithic areas are found in PTK, DS areas
C and B, DK, and FLK N 4-5. Unlike area A, areas B and C
lack additional secondary clusters. Koobi Fora sites exhibit
similar size parameters as PTK, while FLK N 1-2 and FLK
Zinj fall in between both groups. Dimension 2 highlights
discrepancies in the number of significant high-density
lithic areas, pattern intensity, and nearest-neighbor distances
of the pattern. FLK N 1-2 and Koobi Fora sites exhibit
multiple significant areas, whereas FLK Zinj shares the
high intensity of the lithics accumulation with this group.
On the contrary, carnivore sites, DK palimpsest, PTK, and
DS present between 4 — 1 significant areas, with larger dis-
tances between remains, particularly in DS. Overall inten-
sity decreases, although higher estimates are observed in
anthropogenic sites.

Discussion

Spatial characterization of anthropogenic
accumulations

The anthropogenic accumulations have yielded a variety of
results, all pointing towards the confirmation of functional
links between bones and lithics. FLK Zinj, DS, and PTK
share numerous taphonomic similarities. These include
dense accumulations of intensely fractured small and
medium-sized bovid carcasses in reduced areas, similarly
high cut-mark and percussion-mark frequencies distrib-
uted on most anatomical parts, a low to moderate degree
of carnivore ravaging, etc. They all confirm the functional
association of faunal and lithic remains in the three sites
(Dominguez-Rodrigo and Cobo-Sanchez 2017b; Cobo-San-
chez 2020; Organista et al. 2023). The outcomes of different
multivariate statistical and machine learning analyses are
consistent in the classification of these taphonomic signa-
tures within a hominin-to-carnivore scenario (Dominguez-
Rodrigo et al. 2014; Cobo-Sanchez 2020; Organista et al.
2023). Nearly all activity, including carcass procurement,
bone defleshing, and bone breakage targeting marrow is
attributed to hominins. Bone ravaging by hyenas was lim-
ited (Cobo-Sanchez et al. 2022) and slightly more intensive
in PTK (Organista et al. 2023).

The HCPC results of the overall patterns suggest that
there are spatial similarities in the main high-intensity areas
of these three sites (five different accumulations if we count
DS areas separately). They appear to be distinct from the
spatial variables measured in carnivores and palimpsest
assemblages. Previous spatial analyses have already delved
into the common spatial characteristics of FLK Zinj, PTK,
and DS (Dominguez-Rodrigo and Cobo-Sanchez 2017b;

Cobo-Sanchez 2020; Diez-Martin et al. 2021). The inten-
sity of bone accumulations is higher than in any other site
analyzed here, however, the density of the DS lithic sub-
assemblages is exceeded by sites like FxJj20 complex or
FLK N levels 1-2. Both bones and lithics in anthropogenic
sites appear to be agglomerated at distances < 0.3 m to then
follow a regular pattern at distances > 0.5 m (the inhomoge-
neous distribution of lithics in PTK could not be discarded,
see SI Fig. VII). This supports the spatial distribution of
high-density areas we see on these sites and suggests that
the accumulations are not the result of inhomogeneous
random phenomena (e.g., caused by post-depositional pro-
cesses such as fluvial processes), but a behavioral structured
pattern commonly found in these anthropic assemblages.

FLK Zinj and PTK are characterized by single high-
density areas with scattered and not agglomerated remains
surrounding the main accumulation. This pattern differs
from that seen at DS, where three different accumulations
similar in size can be observed and confirmed with the ker-
nel intensity estimation and the hot spot scan tests (Figs. 1
and 2). They have been analyzed separately to find any
taphonomic or spatial variations that may suggest different
formation processes (Cobo-Sanchez 2020). However, they
appear to be the result of the hominin agency and seem to
be equivalent to those found in FLK Zinj and PTK. Sev-
eral taphonomic signals have led to the interpretation of
areas B and C as the main accumulation. They could have
been separated later by carnivore activity (hyenas as tested
in Cobo-Sanchez et al. 2022) that dispersed and created
the gap that we now identify as two different high-density
areas. On the other hand, area A may represent a hominin-
made secondary refuse area due to the overrepresentation
of appendicular remains of larger carcasses and the lack of
axial bones (Cobo-Sanchez 2020; Diez-Martin et al. 2021).
In fact, the HCPC results reveal distinctions among these
areas, particularly when the patterns are evaluated by types
of remains. Whereas areas B and C are consistently grouped
together, area A stands apart from the remaining anthropic
sites (Fig. 7c-d), and in the analyses of lithic patterns is
coupled with FLK NN (Fig. 7b). However, this distinction
does not persist when evaluating the entire assemblage, as
all DS areas appear similar, along with PTK and FLK Zinj
(Fig. 7a).

Another ambivalence is revealed in the lithics distribu-
tion of FLK Zinj, which bears closer resemblance to FLK
N 1-2 and Koobi Fora sites in the clustering analysis
(Fig. 7b). Many tests yielded similar results for FLK Zinj
and PTK lithics patterns (e.g., small and defined areas of
significant probability of lithics higher than the average pro-
portion, Fig. 4b; high positive correlation among lithics, SI
Fig. VIII). Nevertheless, the measured parameters in their
main high-density areas seem to present certain differences
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related to the intensity and concentration of lithics inside
them (SI Table III). The main lithics hot spot at FLK Zinj
is smaller than in PTK and areas B and C of DS, yet the
mean intensity is significantly higher (FLK Zinj: 30.6 lith-
ics per square meter; PTK: 13.3; DS area A: 13.5; DS area
B: 7.2; DS area C: 7.2), lithics lie closer (n-n standardized
value, FLK Zinj: 1.46; PTK: 1.67; DS area A: 3.23; DS
area B: 1.61; DS area C: 1.83) and the average intensity of
the entire window pattern is higher (FLK Zinj: 5.20 lithics
per square meter; PTK: 2.60; DS area A: 2.51; DS area B:
1.94; DS area C: 1.91). This is also noticeable at the Koobi
Fora sites and FLK N 1-2, indicating that the lithics within
these five assemblages tend to be more densely clustered
and concentrated. The composition of the lithic assemblages
recovered at FLK Zinj and FLK N 1-2 is dominated by
production activities that might leave a more pronounced
spatial imprint, but battering activities not related to flaking
processes seem to be relevant in the latter (de la Torre 2004).

The degree of intervention of hominins in Koobi Fora
sites cannot be adequately addressed due to the poor cortical
preservation of bones, which hinders accurate estimations
of carnivore and hominin agency in the accumulations. The
slightly better preservation of the FxJj50 assemblage showed
butchering activities on certain bones, percussion marks,
and fracture patterns similar to those generated by anthro-
pogenic action (Bunn 1997). Primary access by hominins to
some of these carcasses was inferred, and the intervention of
carnivores as secondary agents was also recognized (Isaac
1997; Brantingham 1998; Dominguez-Rodrigo 2002). This
is not the case for the FxJj20 complex, in which only the
high concentration of spatially overlapping bones and lith-
ics has been used to infer hominin agency, in addition to its
likeness to other Koobi Fora sites. Both FxJj20 Main and
FxJj20 East assemblages share similar patterns. Identifi-
able bone elements were few, the most abundant were teeth,
followed by appendicular elements. There is a noticeable
absence of epiphyses, and in FxJj20 East researchers docu-
mented fewer ribs than in FxJj20 Main (Bunn 1997). The
three sites were formed in similar contexts, on a floodplain
next to the riverbank and buried in low-moderate energy
conditions (Bunn et al. 1997). Despite this, it seems sure
that these anomalous accumulations are not the result of flu-
vial processes (Harris and Isaac 1997; Kroll 1997), and only
hominins and carnivores are left to explain their formation.
Since for now the results of the clustering analyses appear to
be consistent with the agency of sites, we may shed light on
how similar these sites are to other anthropogenic accumu-
lations in terms of their spatial characteristics.

All Koobi Fora sites seem to exhibit common spatial char-
acteristics that differ at times from the results obtained for
FLK Zinj, PTK, and DS. It is noticeable that faunal remains
at Koobi Fora localities are more dispersed, like some FLK
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N levels and DK (Table 5). In the pair correlation functions
of overall patterns inhomogeneity and randomness cannot
be discarded, and only regularity is statistically confirmed
at distances>0.5 m. In the clustering analyses, all Koobi
Fora sites are consistently grouped together, suggesting that
similar agencies and processes are behind their formation.
Since both FxJj50 and FxJj20 complex are always set apart
from the rest of the anthropogenic accumulations in Oldu-
vai Bed I (apart from lithic patterns, where similarities with
FLK Zinj are detected), we can hypothesize that different
mechanisms might be proceeding in these sites. There are
several possible explanations for that distinction: (1) the
degree of hominin-carnivore contribution and activities per-
formed on sites; (2) post-depositional processes that might
have affected the original spatial configuration of remains;
(3) the span time of the palimpsest formation.

As commented above, the conditions of the bone assem-
blages do not allow further exploration of the first potential
explanation. We know that carnivores played a secondary
role in carcasses of FxJj50, and they were probably hyaenas.
FLK N palimpsests represent a common amenity scenario
in which felids and hominins participated independently in
the formation of the accumulations, and hyaenas ravaged
interdependently the assemblages. On the other hand, FLK
Zinj, DS, and PTK represent clear scenarios of hominin
agency with posterior intervention of hyaenas. The analysis
of stone tools through traceology and refitting showed evi-
dence of total and partial knapping episodes spatially identi-
fied (Schick 1987; Harris and Isaac 1997; Braun et al. 2008).
Tools were used to process meat and soft plants (Harris and
Isaac 1997; Keeley 1997). These diverse activities are found
on PTK, DS, and FLK Zinj (meat processing) and FLK N
assemblages (plant processing). From a spatial perspective,
Koobi Fora sites appear to lie between those two scenarios.
When the overall and lithic patterns are contemplated, these
sites are closer to FLK N 1-2 scenario, a palimpsest with
independent carnivore and hominin activities (Fig. 7a-b).
However, bone patterns are closely related to those found
on palimpsests with stronger carnivore signals (Fig. 7c-d),
which might suggest a more complicated formation process.

Post-depositional processes unrelated to secondary carni-
vore intervention are expected to modify the original spatial
distribution of remains. When quantified, these alterations
usually lead to some randomness and less agglomeration
that may or may not preserve certain original properties
(Dominguez-Rodrigo et al. 2017b). The second instance
does not seem probable for Koobi Fora assemblages since
this randomness has not been detected in the spatial analysis
except at close distances (pair correlation functions in Fig. 5
and SI Figs. VI-VII). Given that fluvial processes might
have been involved in these sites, certain movements and
in particular the reorientation of remains could have taken
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place to a limited extent (Kaufulu 1987; Bunn et al. 1997;
Schick 1997). This could be behind some of the inhomo-
geneity observed at short distances. Nonetheless, it should
be noticed that similar inhomogeneous tendencies are pres-
ent in other anthropogenic lithic accumulations (see PTK SI
Fig. VII), and the general spatial distribution seems to be
preserved (Kroll 1997).

As for the third instance, it is known that the formation
of the Koobi Fora sites was the result of several occupations
on different old surfaces, sometimes already buried between
hominin visits, which led to the formation of a thick deposit
containing the vertical distribution. The posterior dispersion
of materials was not significant since the vertical movement
of refitted bones and lithics is minimal (Kroll 1997). Ver-
tically indistinguishable accumulations could potentially
result in horizontal palimpsests, where the spatial distribu-
tion differs slightly from other anthropogenic occupations
occurring in the same area. The Koobi Fora sites exhibit a
higher number of high-density areas compared to the Oldu-
vai anthropogenic sites, particularly notable in FxJj 50 and
FxJj20 Main (Fig. 2). This might be associated with the dif-
ferent “old ground occupations” reported by Kroll (1997).
Since FLK N palimpsests are the result of different inde-
pendent events of several agents (felids, hominins, hyenids),
an alternative explanation for the similarities among these
faunal accumulations might be in the time deposition of the
assemblages. In several tests, Koobi Fora sites resembled
other accumulations such as FLK N levels 1-4 and DK (pair
correlation functions in Fig. 5; nearest-neighbor mean for
bones in Table 5).

What can be confidently asserted is that Koobi Fora sites
exhibit common spatial characteristics with both anthro-
pogenic and carnivore accumulations. The unique spatial
patterns observed in these assemblages could be attributed
to a combination of factors, including the degree of hom-
inin-carnivore interaction or the complex site formation,
which involved multiple occupations over time. This would
explain the proximity of these sites to FLK N 1-2, the carni-
vore palimpsest with the strongest signal of hominins. This
site demonstrated that the spatial overlapping of lithics and
fossil bones is no guarantee of functional correlation. Since
we do not count with a confirmed taphonomic functional
association in the FxJj20 complex, similar inferences drawn
in Koobi Fora maxi-sites should be carefully reevaluated.
It is important to note that spatial analysis should not be
seen as a replacement for taphonomic interpretations, and
one should not place complete reliance on spatial analysis
alone. The optimal approach would involve a combination
of both methodologies together with lithic frequencies and
refits, which has the potential to offer a more comprehensive
understanding of the processes shaping the Koobi Fora sites.

Palimpsests and carnivore accumulations

The site FLK N 1-2 presents a noteworthy example in this
investigation of a palimpsest with spatial mixed signals of
both carnivore and hominin activity. Its results were usually
different from those of its analogous levels, even though
the lack of functional connection between bones and lith-
ics is well known. At FLK N 1-2, faunal remains attrib-
uted mainly to Parmularius and Antidorcas were probably
accumulated by felids, specifically leopards or saber-tooth
felids, while hyenas had occasional access to some of the
carcasses, further modifying them (Dominguez-Rodrigo
and Barba 2007c; Dominguez-Rodrigo et al. 2022). On the
other hand, the hominin agency at this site has been mainly
related to battering activities (de la Torre 2004). Given the
lack of typical percussion-related modifications on the bone
surfaces and breakage planes, however, this activity seems
to have been unrelated to bone demarrowing. This suggests
that the deposition of bones and lithics were functionally
independent and that the site may have been generated
through common-amenity processes involving multiple
independent taphonomic agents (Dominguez-Rodrigo et al.
2007a; Diez-Martin et al. 2010; Bunn et al. 2010; Domin-
guez-Rodrigo et al. 2022).

While some graphics display a correlation of remains
similar to those of anthropogenic accumulations, other tests
suggest that this assemblage is similar to other carnivore
palimpsest accumulations. Despite the lack of statistical
significance of the mark connection function, in the bone-
lithic correlation one can detect a slight increase of posi-
tive correlation at distances of 1-1.5 m (SI Fig. IX). Notice
that the main high-density area detected in bones and lithics
have an average radius of 1.5 m and are spatially overlap-
ping. It could be inferred the existence of a spatial covariate
(presumably the presence/absence of trees as a cover) that
is interacting with the accumulation of remains. This would
result in the formation of these two high-density areas
whose correlation is slightly detected in the mark connec-
tion function. However, its statistical significance cannot be
proved, as other functions such as pair correlation suggest.

Similar patterns of bones and lithics correlations can be
traced in all FLK N levels, but certain spatial instability
(fluctuations or discontinuities in the graphic functions) and
randomness are frequently found in other levels too (Fig. 6)
and stand out when lithic patterns are analyzed (SI Fig. VII).
Hominin and carnivore activities at FLK N levels 3, 4, and 5
seem to have been independent. Analysis of tooth-marking
types, frequencies of notch types, and breakage plane angles
indicate that carnivores were responsible for the bulk of the
bone accumulations at these levels (Dominguez Rodrigo et
al. 2007b; Egeland 2007b). Although stone tools are pres-
ent, they appear to be unrelated to marrow extraction. Less
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than five cut marks across the three levels on anatomical
locations that are not compatible with scavenging also indi-
cate that these traces of hominin butchery might correspond
to an independent depositional event. Regarding the lithic
assemblage on FLK N, the low abundance of flakes or cut-
ting tools with edges documented (de la Torre 2004) also
suggests that hominins were not generally engaging in car-
cass processing at the site. That together with the extremely
low density of stone tools, many of which were, in fact,
ecofacts and not manuports (de la Torre 2004; de la Torre
and Mora 2005), indicates that the signal of hominin activ-
ity in these levels was sporadic and not significant for the
formation of the main bones’ accumulations. Diez-Martin et
al. (2010) reached similar conclusions regarding the nature
of activities performed on FLK N sites. Battering activities
seem to dominate the compendium of hominin activities,
however, some knapping sequences were detected too. Core
reduction is documented as fragmented, and it appears that
a great number of flakes were transported off-site. The frag-
mentation of knapping operations suggests a short and non-
intensive participation of hominins in the accumulations,
leading to a “non-organized hominin impact on the site and
its resources” (Diez-Martin et al. 2010: 384). This non-orga-
nized presence the authors refer to seems to be confirmed
statistically in certain levels of FLK N (3-5), where some
tests yielded inhomogeneity and randomness. Thus, the
inhomogeneity would be the result of the accumulation of
lithics’ patterns being too small to discern any clear spatial
organization.

Later excavations around FLK N revealed that all lev-
els identified by Leakey (1971) were hard to distinguish in
the vertical distribution of remains. Only the high-density
accumulation of levels 1-2 was clear. Level 3 was barely
distinguishable, and levels 4 and 5 were impossible to dif-
ferentiate (Dominguez-Rodrigo et al. 2010). The clustering
classification we applied here together with their spatial
properties seems to confirm the similarities among lev-
els 3-5, and part of their inhomogeneity and randomness
could be explained by the artificial distinction among them.
Whether or not these three levels should be considered one,
their taphonomic stories do barely change and reflect the
time-average palimpsest nature of FLK N accumulations.
The presence of a freshwater spring nearby and a dry penin-
sula projecting into a large wetland area could explain why
carnivores -and to a lesser degree hominins- were repeat-
edly attracted to this location (Ashley et al. 2010; Barboni et
al. 2010; Dominguez-Rodrigo et al. 2010; Bunn et al. 2010).

The HCPC results consistently reveal a separation
between levels 1-2 and levels 3—5 across all analyzed pat-
terns (Fig. 7). Levels 1-2 align with Koobi Fora and FLK
Zinj, particularly in lithic assemblages, while levels 3-5
show a distinct pattern, sharing affinities with FLK NN
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(in overall and bone patterns), Koobi Fora (in bones), and
DK (in lithics). While it is hard to address the similarities
between FLK N and Koobi Fora, it is evident that FLK NN
and DK share common taphonomic stories with these lev-
els, and this is reflected spatially too.

The spatial characteristics shown by DK and FLK NN
were similar in some instances to those found in FLK N.
The formation of FLK NN is primarily attributed to carni-
vores, and the almost complete absence of tools suggests
that the degree of hominin involvement in these accumula-
tions was much less compared to FLK N 1-5 and DK (Barba
and Dominguez-Rodrigo 2007; Dominguez-Rodrigo and
Barba 2007d; Egeland 2007b). Unlike FLK NN and FLK
N, DK shows evidence of a more complex formation pro-
cess, where multiple factors contribute to the accumulation
of materials. Carnivores, hominins, and natural processes
all seem to play roles in shaping the palimpsest assemblage
at DK (Egeland 2007c) and might explain the reason why
this accumulation appears to be an outlier in most HCPC
analyses.

These sites showed that the bone-lithic and bone corre-
lation was clear at some distances, but the lithics correla-
tion was irregular, with certain peaks of positive correlation
(SI Fig IX). The segregation between both types of remains
was marked, especially for FLK NN (see nearest-neighbor
correlation values among other tests), and mean distances
among neighbors were the highest in both sites. It is sig-
nificant that inhomogeneity and randomness cannot be ruled
out in the lithic distribution of these assemblages (SI Fig.
VII). However, it should again be noted that the spatial sam-
ple analyzed in DK represents less than 10% of the total set
for both industry and fauna. This could affect some results,
especially those tests or analyses that rely on intensity esti-
mation, and could also explain the outlier effect in the total
and bone distributions.

DK is only grouped in the lithic classification together
with other carnivore palimpsests and anthropogenic assem-
blages (FLK N 3-5, PTK, and areas B and C of DS). In
the classification of lithics, the focus does not lie on the
identification of carnivores or hominins, as these accumu-
lations are unique to the latter. Instead, results may point
out variations in carving and resource-processing behaviors
among hominids. However, we face a limitation in terms of
references from spatial studies on Early Pleistocene assem-
blages, hindering a comprehensive interpretation of these
results. The main differences among lithic accumulations
might be related to the temporal lapse of the formation of
the site and the type of activities carried out on site. The
number and density of lithics in most palimpsests and car-
nivore accumulations suggest that hominin activity in these
referential places was sporadic and scattered. In the FLK
N site, most activities appear to revolve around percussion,
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likely related to processing plant resources. Plant and wood
processing has been reported in several Koobi Fora sites
too (Keeley and Tooth 1981). At the same time, many stone
tools originally classified as manuports are in fact ecofacts
with no anthropogenic origin (de la Torre and Mora 2005).
On the contrary, at sites like DS, it has been documented
that both fleshing and bone percussion activities occur
across all areas, with evidence of spatial segregation as well
(Cobo-Sanchez 2020; Diaz Martin et al. 2021). The analysis
of the DK lithic assemblage seems to indicate a predomi-
nance of knapping activities, with a predominance of local
lava raw material (de la Torre 2004). Given the identifica-
tion of some anthropic action in some bone assemblages,
these carving activities could be linked to meat processing,
such as those identified in DS. It appears that some minor
fluvial processes might have removed lithic remains smaller
than 20 mm. Despite this, the assemblage seems to preserve
its integrity, and even some refittings have been documented
(de la Torre 2004). Even knowing this, it is hard to explain
the similarities found among DK and PTK, DS, and other
main carnivore assemblages, or the closeness between DS
area A and FLK NN.

Addressing the spatial imprint of agency and
formation processes

After a thorough analysis of all the archaeological sites, it
is pertinent to revisit the initial questions we posed. Certain
dissonances detected in the spatial configuration of Early
Pleistocene archacological palimpsests may be related to
the formation processes behind these accumulations. In
our findings, it appears that we can indeed establish sig-
nificant distinctions between anthropic and non-anthropic
overall assemblages. Our hypothesis regarding carnivore
accumulations being less dense and clustered compared to
hominins’ seems to be confirmed. Furthermore, we have
detected differences in the shape of the high-density areas
(more irregular) and the number of accumulations (greater
than in anthropogenic assemblages). We have observed that
inhomogeneity and randomness can indicate the absence of
significant spatial patterns when the agents responsible are
barely involved in the formation process. This seems to be
the case of lithics in carnivore assemblages. The correla-
tion of remains cannot be used to address agency directly;
however, cases of random labeling of remains at certain dis-
tances were only observed among carnivore and palimpsest
accumulations.

Previous studies have shown that some aspects of the
social behavior and organization of hominins can be traced
in the distribution of the archaeological remains (Clark
and Gingerich 2022; Dominguez-Rodrigo and Cobo San-
chez 2017a, 2017b; Kroll and Price 1991; Yellen 1977).

Although all agents examined in this study (i.e., felids,
hyenids, hominins) tend to accumulate carcasses (Cavallo
and Blumenschine 1989; Fourvel 2012; Arriaza et al. 2016;
Dominguez-Rodrigo and Cobo-Sanchez 2017b; Cobo-San-
chez 2020; Dominguez-Rodrigo et al. 2022), it is possible
that some spatial differences between the assemblages may
be attributable to variations in their socio-reproductive sys-
tems and food acquisition strategies. In this sense, we can
assert that the social organization of the first hominins and
its spatial imprint differ significantly for modern hunter-
gatherer societies: the multi-cluster spatial distribution of
bones found in modern hunter-gatherer camps, related to
their organization in single households with multiple clus-
ters (Yellen 1977; Bartram et al. 1991; Dominguez-Rodrigo
and Cobo-Sanchez 2017a), differs in the clustering analysis
from the single-cluster organization of the first archaeologi-
cal sites (Dominguez-Rodrigo and Cobo-Sanchez 2017b),
which resulted from the collective consumption of food
in referential places. This study confirms the existence of
such differences with the results of the clustering analysis
of bones.

Another relevant question for disentangling hominin-
carnivore interactions in Early Pleistocene sites is if we can
distinguish spatially between independent and interdepen-
dent palimpsests. This task becomes challenging because
the spatial occurrence of objects in the same location will
inevitably lead to some form of correlation, whether posi-
tive or negative. For instance, one might expect cases of
inhibition where events are independent. However, we have
observed that inhibition can also occur among functionally
related sets. Inhomogeneity cannot be equated solely to the
independence of events. The absence of a driving agent
of accumulation or the loss of the original distribution are
other possible factors behind results like this.

It appears that interdependent deposits still preserve
the original spatial configurations when an agent stands
out. Such situations are found among DS, PTK, and FLK
Zinj, where a very low carnivore ravaging took place and
has not blurred the spatial imprint of hominins. Examples
of independent palimpsests are those sites labeled as car-
nivore-made, formed by bone accumulations performed
by carnivores (probably through interdependent events
of primary consumption and posterior ravaging) and spo-
radic lithic knapping and battering episodes unrelated to
bone assemblages (FLK N 3-5, FLK NN). However, due
to the low contribution of hominins, these specific cases
share similar spatial patterns, probably reflecting more car-
nivore than hominins spatial behavior. The contribution of
hominins in FLK N 1-2 and DK independent palimpsests is
significantly higher than in any other non-hominin sites. In
these sites, mixed spatial characteristics are detected, which
suggests that both carnivore and hominin spatial imprints
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are still present in the distribution of remains. In general, it
seems like independent accumulations are clearly detected
only when the degree of contribution of all agents is simi-
lar. However, we cannot evaluate the spatial properties of
interdependent palimpsests as we do not have a strong rep-
resentation of situations in which hominins and carnivores
modify the same carcasses or where hominins act as scav-
engers of carnivores.

The spatial statistical analyses have revealed certain
differences among sites, but quantifying the input of spe-
cific taphonomic agents remains a challenge. The focus on
high-density areas helped us reach another level and yielded
promising results, as several HCPC dendrograms (SI Fig.
X) achieved accurate classifications of overall and bone
accumulations in terms of agency. While its results pro-
vide some insight into the data, a significant portion of the
variability remains unaccounted for. Therefore, the current
approach has limitations in fully capturing the complex-
ity and nuances present in the archaeological assemblages.
And this can be especially true for lithics accumulation.
Indeed, the discrepancy in the level of success between
bones and overall patterns compared to lithics accumula-
tion further highlights the complexity of interpreting these
assemblages. Lithics might follow different spatial patterns
or formation processes than bones in these assemblages.
Further investigations and additional spatial methods might
be necessary to address the unexplained variance and gain
a more comprehensive understanding of the patterns and
processes involved in the formation and functionality of
these assemblages. Combining the HCPC results with other
statistical techniques, taphonomic studies, and exploring
new approaches to machine learning could potentially lead
to a more robust and comprehensive interpretation of the
archaeological data.

The main challenge encountered when dealing with old
spatial data is the significant loss of information. In most
planimetries, the entire assemblage is not plotted, and in
some cases, only identifiable faunal remains and main lithic
pieces were represented, with no spatial information of
unidentifiable fauna or small debris. This reduces consider-
ably the analyzed samples, as is the case of DK assemblage
and faunal remains of FxJj20 complex sites, whose samples
represent less than 10% of all recovered pieces (Table 2).
Despite this having significant effects on the estimation
of the overall intensity of the patterns, the general spatial
arrangement could be assessed in all archaeological sites,
and statistical detection of high-density areas has even con-
verged with on-field observations noted in reports. This sug-
gests that the distribution of remains still reflects the main
spatial configuration of the accumulations and can serve as
approximations.
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Another problem any spatial study confronts when trying
to interpret the behavioral patterns found in archaeologi-
cal assemblages is the lack of referential frameworks. The
diverse performances on carcasses among carnivores have
been deeply studied (Blumenschine 1986, 1988; Domin-
guez-Rodrigo 2001; Pickering 2002; Arriaza et al. 2015,
2016, 2019), however, we lack equivalent models for how
these carnivores accumulate and modify assemblages from
a spatial perspective. Several experiments have recorded
the spatial movement of bones produced by carnivore inter-
vention in carcasses (Marean and Bertino 1994; Arriaza et
al. 2019) and simulated hearths and camps (Camaros et al.
2013; Arilla et al. 2020), but none of these recorded data
have been analyzed yet spatially or compared with anthropic
accumulations. It is crucial that future spatial studies focus
on conducting controlled experiments involving carnivores
to recreate diverse scenarios of dependent and interdepen-
dent activities.

Conclusion

This study provides new evidence of significant spatial vari-
ations among Early Pleistocene assemblages related to the
different agents that created and modified these accumula-
tions. Importantly, FLK Zinj, DS, and PTK stand out from
the other sites as anthropogenic assemblages due to their
unique spatial traits. Sites with a higher amount of carnivore
input, such as FLK N and FLK NN also share spatial simi-
larities and appear clearly differentiated from anthropogenic
sites, while the Koobi Fora assemblages lie in an intermedi-
ate position.

Approaching agency by means of spatial statistical meth-
ods proves to be useful. By concentrating on high-density
areas where the main events occurred, we gain valuable
insights and uncover spatial dissonances in archaeological
assemblages. This approach provides information on the
spatial imprint of different agents. Nevertheless, the inter-
pretation of functionality and formation mechanisms of
archaeological assemblages should not be based uniquely
on spatial criteria. To gain a more comprehensive under-
standing, it is essential to complement spatial analyses
with taphonomic studies, lithic frequencies and refits, and
additional robust statistical methods. In addition to this, we
advocate for future spatial taphonomic studies to approach
not only main accumulations but other meaningful small
accumulations or scatter areas identified in a site, as this
can provide further insights into the formation processes of
Early Pleistocene assemblages.

We wish to emphasize the importance of experimenta-
tion and the need for referential frameworks to enhance the
robustness when interpreting the spatial signals identified
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in this study. By replicating different scenarios of hominin-
carnivore interaction, such as hominin activities, carnivore
accumulations and modifications, and other post-deposi-
tional processes, we can gain insights into the formation and
alteration of accumulations that have shaped archaeological
assemblages.
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